A novel idea is presented for removing magnetic flux from the galactic disc in order to satisfy the boundary conditions of the alphaomega dynamo. The idea involves making use of superbubbles that break out of the galactic disc. When this happens, their shells break up into many fragments, and from these fragments, spikes can arise that can move small pieces of the galactic flux lines in the superbubble shell and move them so high enough into the halo that they do not return. As a result the flux lines remaining in the disc are effectively cut into short pieces of finite length that, although weakly connected to the halo, have no tensile strength at their ends. They are thus free to randomly rotate until no net flux is left.
Introduction
An important problem in astrophysics is the origin of magnetic fields, particularly of galactic fields. The origin problem applies to all galaxies, but is especially challenging for our galaxy because we know so much more about the environment and magnetic field in our galaxy, and it is this problem which is addressed in this note. The origin problem is particularly striking for our galaxy because it has net flux. Magnetic flux is extremely well conserved on galactic scales. (The resistive lifetime of our galactic field is longer than ten billion Hubbell times.) The obvious question is: if flux so difficult to destroy how can it be created?
The immediate answer is: the total flux can not be changed, However, flux in our galactic disc is only part of the larger flux contained in the disc plus the halo. Flux can be increased in our disc if at the same time 'negative' magnetic flux is increased in the halo.
The standard theory for the origin is the alpha-omega dynamo. The galactic dynamo theory does not include resistivity and in this theory total flux is conserved.
Let us examine the equations of the alphaomega dynamo and see how they handle the flux conservation problem.
Assume that the galactic disc is cylindrically symmetric Take the disc to be very thin compared to its radius R, Take its thickness to be h. Reasonable values are: h ≈ 200 pc and, R ≈ 15 kpc
In the thin disc approximation and in cylindrical coordinates the axisymmetric equa-tions for the alpha-omega dynamo are
(1)
α is the famous term first derived by Steenbeck, Krause and Radler, 1966 . It has the remarkable property of turning toroidal flux into radial flux. It acts through convection cells twisted by Coriolis forces. ∂Ω/∂r is the radial derivative of the galactic rotation, Ω. Through shear, it can turn radial flux back into toroidal flux. The β terms are turbulent mixing terms and, are particularly important for the present discussion of flux conservation. Parker 1971; and Ruzmaikin, Shukurov, and Sokoloff 1988 , have applied these dynamo equations to the galaxy. They lead to exponential solutions when certain boundary conditions hold on the disc surface z = ±h.
The flux problem is elucidated by integrating equation 1 to obtain
Assume that α and the β terms vanish at ±h. . Then
(4) Similarly, we find from integrating the second equation, and neglecting the β terms on the boundaries, that
B R dz is the number of lines of force in the galactic disc counted in the radial direction, and is conserved.
h −h B θ dz is the toroidal flux and increases linearly in time. However, this does not mean that the total number of lines of force changes. As time increases, each line can wrap around the galactic disc more than once, and can account for .more the one unit of flux. Taking this into account, we see that the number of lines of force counted in the toroidal direction is the same as the number of lines of force counted in the radial direction. The linear increase in the toroidal flux with time is due to the this wrap around of the lines of force, and not due to the increase in the number of lines of force. Now, assume that β is non zero at the disc boundaries. Since β is a diffusion coefficient β∂B R /dz is the rate at which lines of force cross the disc boundary.
In the solution of the dynamo equations, B R is generally negative. Then the sign of ∂B R /∂z is negative, and this diffusional loss leads to both an decrease of the number of negative lines of force in the disc, and an increase in the number of negative lines of force in the halo. (A line is called negative if its direction is opposite to the direction of the majority of lines in the disc.) These oppositely directed lines are pieces of the earlier lines of force that have been turned around by the alpha and Omega processes. They can not be considered as newly generated lines. However, they contribute to decreasing the number of negative flux lines in the disc. Getting rid of the negative portions actually increases the toroidal flux.
Thus, the expulsion of the negative parts of lines of force from the disc is essential to the dynamo action. Hence, an understanding of the β diffusion process is essential to understanding the galactic dynamo. Getting rid of these 'negative' portions by expelling them into the halo is the real mechanism for increasing the toroidal flux in the disc.
Without this flux expulsion, the total number of lines in the disc will not change but the same line will contribute to both the positive and negative flux. Thus, the positive field strength can increase near the midplane and the negative field strength can increase near the disc boundaries and yet the total flux will not change. In other words, the dynamo will not explain the total flux increase in the galactic disc. Now it has been customary in dynamo theory to assume that β is the same or larger in the halo than it is in the disc. This appears to be supported by observations of large turbulent velocities observed in the halo. However, these turbulent motions are not moving lines of force with any substantial mass on them. The densities where these motions are observed are very low so there is no energy cost of any material that is diffused in a vertical direction. However, if the disc magnetic field lines, to which a large amount of mass is anchored by flux freezing, were diffused vertically out of the galaxy and out of the gravitational well of the disc, then a large amount of energy would be required which has no apparent source.
The two salient facts for the galactic dynamo in our galaxy are: First, on galactic scales mass is strongly anchored to lines of force. When a line is moved out of the disc and to a great height, it must also carry the mass that is frozen on it to the same great height. Second, the gravitational field of the galaxy, produced by the stars, is very strong. In fact, the escape velocity necessary to take mass far enough away from the disc to satisfy the dynamo requirements, is four hundred kilometers per second! When this is compared to the much smaller turbulence velocities in the disc, which are of order tens of kilometers per second, it is clear that such diffusion of lines of force carrying their mass, is energetically impossible. Thus, the idea that lines of force can be bodily lifted out of the galaxy is absurd on energetic grounds.
If a negative tube of force is impulsively thrown up, say by a supernova explosion the mass on the tube will likely fall down into the disc again. The negative flux on it will again cancel the positive flux and leave the total flux in the disc the same.
However, it must be remembered that in demonstrations that any velocity preserves flux freezing, no account is taken of the parallel velocity, It does not even enter the definition of flux freezing. If only a small part of a line of force is raised up into the halo, then the mass on the rest of the line could slide down to the disc without violating flux freezing. This process could lead to a very low density on the piece of the line which is in the halo. Thus, the energy required is much reduced, and it is no longer impossible on energetic grounds to lift part of the line into the halo. This would lead to a rather extreme situation where a small part of the line would be in the halo and the rest of the line with essentially all of its mass would remain in the disc.
The part in the disc is still connected to the part in the halo by a field that is very weak. (It is weak because the vertical connecting part of the field line will expand horizontally into the a much larger space then it occupied when in the disc. This expansion would be by a factor comparable with the aspect ratio of the galactic disc, or a factor of fifty.) Thus, the connecting field lines will be weaker by a factor of fifty and any force they exert on the rest of the line will be reduced by the square of fifty, compared to the tension force they earlier possessed. In fact, the connecting field lines will be strong enough to to keep the line intact but not strong enough to dynamically affect the part of the field line in the disc.
All this will lead to the curious situation: that the field lines that remains in the disc will essentially be broken into finite length pieces as far as the tension between them is concerned. If this process of line breaking affects all the lines in the edge of the disc line, then the dynamo behavior of these lines is very different from that proposed by the alpha-omega dynamo theory. The many short pieces of field lines can now freely rotate horizontally because any tension between them has been lost. Thus instead of getting rid of the negative flux by expulsion it can now be destroyed by simple turbulent diffusion randomly rotating these pieces of field lines. (See fig1.) As the 'finite length' fields gradually randomize in direction, what happens to the total flux, consistent with flux freezing? Although the connecting fields are very weak they can still transfer the flux to the small pieces of field in the halo. Thus, the flux will end up in the halo in the form of very weak fields occupying a very large region. They are so weak that they are dynamically unimportant. However, in counting the number of lines of force, this does not matter so far as flux is concerned because the conservation of flux is topological. The finiteness of the disc field was previously, discussed in Kulsrud 2010 .
Although this appears a rather bizarre solution to the dynamo problem it is hard to think of an alternative solution. The mechanism by which a small piece of a line of force, with its much lower density, might be expelled into the halo is discussed in the next section.
Superbubbles
The preceding model would be hypothetical unless a mechanism existed to push pieces of field lines out to the far halo. Such a mechanism could be provided by the superbubble phenomenon.
A superbubble is a gigantic shell of interstellar mass expanding upward to heights of 2 kiloparsecs or more. This bubble contains a large pressure resulting from the energy of a large number of supernova which exploded almost simultaneously. Such an event arises from a newly formed cluster of stars that form almost simultaneously, during a period of ten to twenty million years.
In the cluster the more massive O and B stars explode as supernova a short time af-ter each one forms. Before one supernova remnant expands and dies another one explodes nearby with its remnant overlapping the first. The overlapping leads to the energy of both supernovae going into the pressure of a very low density plasma instead of into the expanding mass of the remnants. After a hundred or so supernovae explode, their energy ends up as high temperature low density gas that pushes all the surrounding interstellar mass away into a very large rapidly expanding shell.
The shell expands to an enormous size. Some superbubbles are observed to reach radii as large as eight hundred parsecs. These bubbles were actually observed before their origin was understood.
These expanding bubbles slow down at first, because their shells are picking up more and more mass by snowplowing. However, once a superbubble breaks out of the galactic disc, it begins to speed up. This is because supernovae continue to explode, the bubble pressure remains very high, and there is very little mass to snow plow and slow them down. This is just the condition for the Raleigh Taylor instability, a condition where a low density high pressure medium accelerates a high density medium, i.e. the shell.
The result is that the shell fragments into many small, but still connected, pieces. Now the mass in the shell originates from the surrounding interstellar mass which contained the flux of the galactic field. When the shell fragments, the lines of force contained in it are still connected to the interstellar medium that surrounded the superbubble.
If the fragments hold together, those fragments whose shells become thin may develop spikes in which pieces of the shell fragments may be accelerated still further. These spikes are perturbations which suffer a Parker type instability in which the mass slides down the sides of the perturbation reducing the mass at the top. Consequently, the lighter mass, at the top of the spike, will be accelerated faster because it is lighter. This will lead to steeper sides to the spike and the mass will slide down faster. The mass on top will become still smaller and the top will accelerate upward even faster. This will continue until either the bubble pressure weakens, or it leaks through the wall of the spike, or the spike reaches far enough into the halo that gravity is too weak to pull it back.
In the latter case we have the situation discussed in the first section where the disc field lines which are attached to the spike are effectively broken. This will happen to lines attached to other lines, attached spikes in other fragments of the superbubble, and attached to lines thus broken in any other superbubble.
Every time a superbubble explodes more field lines will be broken and some may be broken more than once. In fact, it appears that during a dynamo lifetime all the negative interstellar field lines in the top (or bottom) part of the disc will be dragged up by superbubbles and broken by its spikes.. The dynamo lifetime is that time during which the total net flux in the disc doubles by dynamo action. If the dynamo lifetime is as short as one billion years than the dynamo can amplify the disc field from a much weaker magnetic field, of primordial origin, up to its present strength.
A critical question is: are there enough superbubbles exploding during the dynamo time, and do they have enough spikes to cut all the negative field lines and get rid of all the negative flux. If this is the case, then the superbubbles provide a path to a satisfactory theory for a galactic dynamo origin of our magnetic field.
For this model to work, the magnetic field must not be too strong. If the field is at its present strength, the field tension in the spikes will be too strong for them to reach the halo, and the galactic field will saturate. On the other hand, if the field is very weak, it will not interfere with the superbubbles or their spike dynamics Let us make use of the statistics of superbubbles as given by Ferrière, and others to estimate the line breaking rate.
3
The Rate of Cutting
To make this estimate I will make use of the superbubble statistics given in a paper of Katia Ferrière, (Ferrière, 1993) . The surface rate of the explosions of galactic superbubbles with luminosities in the range dL is
where a = 2.3 and σ = 4.5 × 10 −7 /kpc 2 year L is the luminosity of the superbubble in ergs/sec.L = 1.65 × 10 37 ergs per sec is the luminosity of a superbubble, which starting at the midplane, is just energetic enough to reach 200 parsecs and break out of the galactic disc. Such a superbubble is driven by 30 supernovae,
The radiusω is the final radius of a superbubble, and, for a superbubble
pc.
Now, consider a single toroidal line of force with a galactic radius of 8.5 kiloparsecs, equal to the galactic radius of the sun. It would only be cut if there were a superbubble that intersected it. This intersection can happen if the radius of the center of superbubble lies between R −ω andR +ω. From Equation (6) dr the rate of intersections of the line with superbubbles with luminosities in dL is
Integrating dr with respect to dL, we get the total rate for this line to intersect some superbubble: dr = 1.92/ Million years (9) This means that the line will intersect a superbubble, once every i.e every five hundred thousand years. Now, every superbubble with a luminosity greater thanL will break out of the galactic disc, start to accelerate, and suffer a Raleigh Taylor instability. This instability will break the superbubble shell into a large number of fragments, and their shell thickness will very.
Each fragment with a thin enough shell will suffer a spike type instability, which will take a piece of the line of force to infinity, effectively cutting it. Thus, the question is: what fraction of fragments end up with thin enough shells?
Consider the superbubble just before it goes Raleigh Taylor unstable to perturbations with given a range of wave numbers, k, those with the shortest wave lengths growing fastest. Now, the shortest unstable wave lengths are those equal to the thickness of the shell D, i.e. those with wave numbers satis-
The thickness of the shell can be estimated as follows: It is generally agreed that the temperature of the mass in the shell is between 100 and 1000 degrees Kelvin. We take a typical temperature of three hundred degrees Kelvin, and define T 300 = T /300 . The thickness of the disc has to adjust to the make the pressure in the shell equal to that in the interior bubble. But the number of particles in the shell must be equal to the entire number of particles in a cylindrical section of the disc with the same radius as the superbubble at breakout,ω = H. We take the thickness of the disc as 194 parsecs.
Thus, we have,
Thus,
From pressure balance we have
where p is the internal pressure of the superbubble at the time of breakout. This pressure can be found from an energy balance. The volume of the superbubble is 4πH 3 /3 and this volume has accumulated supernova energy over a time t that it takes for the superbubble to grow to a radius H. Thus,
Now, from the equations for the evolution of a superbubble, which we take from Rafikov and Kulsrud (2000), we have
where t 7 = t/10 7 years. From this we obtain
Combining these equations, we find that
Setting this equal to nkT , and taking n 0 = 0, gives us
the ratio of the radius of the superbubble to the shell thickness at the time of breakout. This is the time when the shell is fragmented by the Raleigh Taylor instability. The minimum size of a perturbation is λ = 2π/k = 2πD. If we assume that the upper part of the superbubble shell breaks into fragments the size of 10λ, then the number of fragments N f is approximately
Averaging (H/D) 2 given by Equation (17) over the distribution of luminosities L we get
Thus, we expect as many as N f = 26/T 2 300
fragments. At lower temperatures one would have considerably more fragments. It is difficult to actually give this number with any precision, but it might is reasonable to expect 50 to 100 fragments. Now, from Equation (9) we know that the line will intersect a superbubble at the rate of once every 1.92 millions years. If we assume the superbubble fragments although spaced apart by a factor of ten of their radius are still large enough to cover the shell then then any line with goes through a superbubble will intersect the shell twice and therefore go through 2 fragments. If we assume the fraction of fragments then enough to have a spike is one percent, , then the chance that the line of force would go through a spike is two percent. Thus, from equation equation 9, our line would be cut once every hundred million years, or so and would be cut ten times in a dynamo time of a billion years.
The length of our toroidal line is 2πR = 50 kpc so the line would be cut in pieces 5 kilparsecs long. However, this is based on our estimate that only one percent of the fragments had shells thin enough to have a spike instability. A closer look at the nonlinear physics of the spike would enable us to judge whether this length is so long.
4
The Spike Instability
The previous estimate of the rate of interactions of a given line of force with the superbubbles is extremely rough due to uncertainties of the non linear behavior of the Raleigh Taylor model. However, this estimate makes it quite plausible that such interactions are frequent enough to be taken seriously when investigating the boundary restrictions on the galactic dynamo. The one great uncertainty is whether the spike instability can move a piece of a line force into the halo without taking along a comparable amount of mass that would be held back by gravity.
So far no simulation has been made of this instability, Howeverm to roughly judge its effectiveness we present some equations to describe it.
We model the unperturbed equilibrium as a thin sheet of surface mass σ 0 subject to the gravitational force of the disc, the inertial force induced by the acceleration of the shell, and the superbubble pressure. (actually the inertial acceleration is smaller than the real gravitational force.) Since we are using the dynamo to build up the galactic field from a very weak value we neglect the Lorenz force and assume that the field is carried along by the hydrodynamic flow.
The two-dimensional equations are as follows. We take a Cartesian coordinate system with z upward and the other two coordinates parallel to the sheet mass. We introduce a linear vector displacement ξ. The surface mass of the sheet is σ.
The linear equations are
It is possible to eliminate σ 1 to reduce the equations to the simpler form
Although these equations are linear when regarded in an Eulerian frame they are also valid in the Lagrangian frame with the Eulerian independent variable x replaced by the Lagrangian variable x 0 . Furthermore, in the Lagrangian frame they are also correct nonlinearly! This fact makes it possible to write down exact solutions in the Lagrangian form. For example, an exact solution is.
Also, any sum of such solutions is also exact. However, one difficulty remains in that σ the surface density drops at the rate exp −γt. As the spikes gets higher the shell thickness falls rapidly. We can estimate it as σ/σ 0 = 1/kh where h is the height of the spike. Before the spike can reach 10 kpc the the shell gets too thin to take up the pressure. However, before this happens it is likely that the the top of the spike has reached a escape velocity. and will be carried far into the halo.
All these uncertainties surround the physics of the spike and make it difficult to judge whether it would indeed reach far enough into the halo.
A more careful analysis of the spike is certainly needed but the nonlinear solution shows that it is certainly important.
The sinusoidal solution is interesting. The motion of a fluid particle starting at x 0 = 0 will tend to infinity exponentially at the rate γ. Its density σ will go to zero with matter flowing away from zero. This is reminiscent of the picture of a spike.
A fluid particle starting at any positive x 0 greater than zero will collide with a particle from the next period (moving backward) and form some kind of a shock. These intersections or shocks will form a wall for the spike.
The physics of the spike needs to be considered much more closely but the spikes seem to have real significance.
Conclusion
In this paper we have pointed out that if one views the dynamo strictly in terms of lines of force, it is difficult to see how the alphaomega dynamo can work in the galaxy. One sees that it is very difficult to remove the flux without including its mass. Since it is energetically impossible to remove the flux with its mass, the obvious solution is to remove part of the field line and remove the mass from this part by sliding it down to the remaining part of the field line. The part of the line remaining in the discthen is effectively cut so that it acts as though it has a finite length.. After all the unwanted flux lines are similarly 'cut up' their toroidal flux can then be reduced to zero simply by randomizing the direction of the parts of the lines remaining in the disc. In this way one can get rid of the unwanted flux without removing much of the lines out of the disc. This paper suggests that one way to the move a small piece of each lines into the halo is by making use of superbubbles. When the shells driven by the superbubbles breakout of the disc they go unstable. They may then develop spikes that can remove small parts of the lines into the halo. This picture is suggested as a possible solution to this otherwise intractable physical problem that stands in the way of a rigorous dynamo theory for the origin of the galactic field. 
